Abstract-We have analyzed the stability of a high-power diode-side-pumped intracavity-frequency-doubled CW Nd:YAG laser. It is found that large green power fluctuations observed experimentally are suppressed by compensating thermal lensing of the nonlinear crystal: KTP and that of the Nd:YAG rods with an advanced resonator design. Stable CW green powers of 27 W with a beam quality of M 2 = 8 and 16 W with M 2 = 1:2 (TEM 00 -mode) were generated.
I. INTRODUCTION

S
TABLE high-power green solid-state lasers are used as a processing tool for high reflectivity material [1] , as medical equipment [2] , as a pumping source of Ti:sapphire lasers, and as a light source for laser displays [3] . Although high-average green power up to 315 W has been obtained in the Q-switched mode [4] , in CW mode 10 W of green is the maximum power obtained to date, because stable green power generation is difficult at higher power [5] , [6] .
The stability of intracavity-frequency-doubled solid-state lasers has been investigated by several groups [7] - [11] , followed by the observation of the "green problem" [12] . The large amplitude fluctuations at frequencies of several kilohertz observed for low-power lasers are explained by longitudinal mode coupling. Thus, compensation for the fluctuations has been achieved by longitudinal-mode control and/or polarization control [7] - [12] . However, the stability of high-power intracavity-frequency-doubled solid-state lasers has not been investigated in detail [6] , [13] . In this paper, we describe an analysis of the stability of a high-power diode-side-pumped intracavity-frequency-doubled CW Nd:YAG laser. Fig. 1 shows the schematic drawing of the green laser system. The laser system has two laser heads, each consisting of eight diode laser arrays and a Nd:YAG rod surrounded by a glass flow tube and a diffusive reflector [14] , [15] . A quartz 90 -polarization rotator is placed between two heads for polarization-dependent bifocusing compensation [16] . The Z-shaped resonator has four mirrors consisting of two end mirrors with concave curvature and two flat folding mirrors. Intracavity frequency doubling is achieved by a KTP crystal cut for type-II doubling placed between the end mirror and the folding mirror. A quarter-wave plate at 1064 nm is placed between the harmonic separator and the laser head to avoid the "green problem" [7] .
II. EXPERIMENTAL SETUP
III. HIGH-POWER OPERATION AND STABILITY ANALYSIS
A. Conventional Resonator Design
We examined two KTP crystals that are different in the absorption loss measured at 1064 nm [17] . The bulk absorption losses were 0.03% for KTP-A (10 mm long) and 0.3% for KTP-B (15 mm long). Fig. 2 shows the green output power as a function of the total diode output power. By use of KTP-A, a stable green output power of 27 W was generated with a beam quality of for a total diode output power of 331 W. This value is, to our knowledge, the highest green output power obtained to date from a diode-pumped frequency-doubled CW solid-state laser. The corresponding optical efficiency and electrical-tooptical efficiency were 8.2% and 2.8%, respectively. At the same diode output power, the fundamental output power of 92 W was generated without the KTP crystal and with an output coupler of 8.0% transmittance.
0018-9197/99$10.00 © 1999 IEEE KTP-B was used, although the highest green output power was nearly the same (26 W) as that for KTP-A, and with the beam quality given by , the power was not stable and representative pulse-shape traces are shown in Fig. 3(b) .
To analyze the differences of the power stability for KTP-A and KTP-B, we calculated the stability zone of the resonator, considering thermal lensing in the KTP crystals (see the appendix). The focal lengths of the thermal lensing were estimated to be about 1650 mm for KTP-A and about 200 mm for KTP-B at a total diode output power of 331 W. The calculated stability zones are also shown in Fig. 2 . With KTP-B, the pulse-shape trace appeared when the operating point approached the unstable zone.
B. Improved Resonator Design
To confirm that the green power fluctuation is related to the unstable operating zone of the resonator, we modified the resonator for KTP-B so that the laser is operated in the stable zone by shortening the resonator length to account for thermal lensing in KTP-B (improved resonator). The output power and the calculated stability zone in the case of the improved resonator are shown in Fig. 4 . In this case, a stable green output power of 24 W with beam quality given by was generated at a total diode output power of 331 W. Also, the pulse-shape trace disappeared, as shown in Fig. 5 .
C. Confirmation by Fundamental Oscillation
To confirm further that the green power fluctuation is related to the unstable operating zone of the resonator, we observed the stability of the fundamental oscillation by replacing the KTP crystal with a simple lens. The magnitude of the fundamental power fluctuation, defined as the peak-to-peak value divided by the mean value of the time trace, is shown as a function of the total diode output power with the calculated stability zone in Fig. 6 . The magnitude of fundamental power fluctuation is larger when the operating point approaches the unstable zone. Therefore, it is confirmed that the power fluctuation is related to the unstable operating zone of the resonator.
IV. TEM -MODE OPERATION
TEM -mode operation was obtained by designing the resonator in consideration of thermal lensing of the KTP crystal discussed in the previous session. The green output field and far-field beam profiles are shown along with Gaussian fitting curves in Fig. 9 .
V. CONCLUSION
The relation between green power fluctuation and the stability zone of the resonator was analyzed for a high-power intracavity-frequency-doubled diode-pumped Nd:YAG laser. It is found that, to generate stable green power, the resonator design must consider the thermal lensing in the nonlinear crystal.
Stable green power of 27 W was generated with a beam quality of . This value is, to our knowledge, the highest CW green output power reported for a diode-pumped frequency-doubled solid-state laser. By use of this resonator design technique, a stable TEM green power of 16 W was also generated.
APPENDIX
We calculated the stability zone of the resonator in consideration of the thermal lensing of the KTP crystal by use of optical ray matrices [18] . The focal length of the thermal lensing of the KTP crystal is assumed to be caused by the temperature-dependent variation of the refractive index and is calculated by (1) assuming the cylindrical cross section and the uniform heat generation [19] , where is the thermal conductivity, is the cross-sectional area of the intracavity fundamental laser beam, is the absorbed power in the KTP crystal, and is the temperature coefficient of refractive index. The values for the axis were used for calculation, W/m C, and C [20] . We consider that thermal lensing of the KTP crystal is mainly generated by the absorption of the intracavity fundamental laser beam, because the absorbed fundamental power is approximately ten times higher than the absorbed green power [17] . We used the focal length of the thermal lensing of the KTP crystal calculated by (1) in the calculation of the Gaussian beam radius of the resonator by optical ray matrices [18] .
